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INTRODUCTION
Amorphous m e t a l s a r e one of new mater i a l s from c o r r o s i o n p o i n t o f view.
S i n c e v a r i o u s amorphous m e t a l l i c m a t e r i a l s have s u c c e s s f u l l y been p r e p a r e d by r a p i d quenchi n g o f m e l t s , c o n s i d e r a b l e e f f o r t s have been s p e n t on examining t h e i r c o r r o s i o n beh a v i o r s mainly by t h e p r e s e n t a u t h o r s and t h e i r coworkers .
The amorphous s t r u c t u r e i s thermodyn a m i c a l l y u n s t a b l e .
However, it e x h i b i t s c h e m i c a l l y homogeneous n a t u r e because o f nq d e f e c t s which a c t a s chemically a c t i v e s i te s ; t h a t i s , i t has no s t r u c t u r a l d e f e c t s l i k e g r a i n b o u n d a r i e s , twins and o t h e r l a tt i c e f a u l t s i n c r y s t a l l i n e m e t a l s , and a l s o no c o m p o s i t i o n a l h e t e r o g e n e i t y l i k e p r e c i pi t a t e s , s e g r e g a t e s and o t h e r compositional f l u c t u a t i o n s .
T
h e r e f o r e , one can expect t h a t t h e l o c a l c o r r o s i o n s u s c e p t i b i l i t y o f amorphous m e t a l s s h o u l d be lower t h a n t h a t of c r y s t a l l i n e m e t a l s .
On t h e o t h e r hand, the'amorphous m e t a l s c o n s i s t o f complicated c o n s t i t u t e n t s which have been unknown i n p r a c t i c a l c r y s t a l l i n e m a t e r i a l s . Such complicated a l l o y compositions, e s p e c i a l l y , a h i g h c o n t e n t of m e t a l l o i d elements g r e a tly ' a f f e c t t h e i r ' chemical p r o p e r t i e s . .
T h e r e f o r e , one can expect many new knowledges on chemical properrties of , t h e s e unu s u a l a l l o y systems.
I n t h e p r e s e n t p a p e r , a s a fundamenta l a s p e c t , g e n e r a l c o r r o s i o n b e h a v i o r s of amorphous Fe-, Co-and Ni-based a l l o y s w i l l be p r e s e n t e d a s a f u n c t i o n of t h e a'lloy compositions o f n o n -m e t a l l i c and m e t a l l i c elements.
Then, t h e o r i g i n of t h e i r h i g h c o r r o s i o n r e s i s t a n c e s w i l l be d i s c u s s e d from t h e v i e w -p o i n t s of t h e p r o t e c t i v e q u a l i t y , t h e f o r m a t i o n a b i l i t y and t h e u n if o r m i t y of t h e p a s s i v e f i l m .
F i n a l l y , some examples of t h e i r i n t e r e s t i n g a p p l i c at i o n s ' w i l l be b r i e f l y i n t r o d u c e d .
CORROSION BEHAVIORS OF Fe-,Co-AND Ni-BASED AMORPHOUS ALLOYS
The f i r s t examination on t h e c o r r o s i o n p r o p e r t i e s of amorphous m e t a l s p r e p a r e d by r a p i d quenching was r e p o r t e d by Naka, Hashimoto and Masumoto i n 1 9 7 4 (~) . F i g . 1 i s one o f t h e i r e a r l y d a t a , which shows t h e c o r r o s i o n r a t e e s t i m a t e d from t h e weight l o s s i n 1 N NaCl s o l u t i~n a t 30°C a s a funct i o n o f t h e C r c o n t e n t f o r amorphous Fe-Cr-13P-7C a l l o y s and c r y s t a l l i n e Fe-Cr b i n a r y a l l o y s . . As s e e n i n t h e f i g u r e , t h e c o r r os i o n r a t e o f c r y s t a l l i n e Fe-Cr a l l o y s i s h a r d l y a f f e c t e d by t h e a d d i t i o n of C r . On t h e c o n t r a r y , t h e c o r r o s i o n r a t e o f t h e amorphous a l l o y s i s l a r g e l y changed by ad- (6) dition of Cr; that is, the corrosion rate of the amorphous Fe-P-C alloy without Cr content is much higher than that of the crystalline pure Fe by several orders of magnitude.
However, the addition of Cr to the amorphous Fe-P-C alloy reduces the corrosion rate drastically, and at about 8 at% Cr or more the corrosion rate becomes so small that the weight change could not be detected by a microbalance even after immersion for one week.
From this result, one can expect that the chemical reactivity of the amorphous metals will be changed in extremely extensive magnitude from active state to inactive state by controlling the alloy compositions.
As the first topic, therefore, the compositional dependence of the chemical corrosion behaviors is described for the Fe-, Co-and Ni-based amorphous alloys containing various metalloid elements. Fig. 2 shows the effect of alloy compositions on the corrosion rate of amorphous Fe-based alloys in 3% NaCl solution at 30°C.
In the left figure, we can see that the effect of Cr addition on the corrosion rate depends strongly on the combinations of various metalloid elements. And, it is clear that the lower corrosion rate is obtained for the alloys containing higher contents of P.
In the right figure it is seen that the corrosion rate of Pbearing alloys also depends on the additional metallic elements; especially, the addition of Cu, Ti, Zr, Cr, Mo or W is more effective in decreasing thc corrosion rate, while the addition of Mn, Ni or Co is less effective.
Such a compositional dependence of the corrosion resistance is more distinct in more aggressive solutions such as HC1 and H2S04.
A; an example, Fig. 3 shows the effect of additional metallic elements on the corrosion rate in 1 N HC1 solution for Fc-and Co-based amorphous alloys containing 13 at%P and 7at%C or B.
In this figure, the corrosion rates of several typical stainlcss alloys are also indicated for comparison.
In both alloy systems, we can find that the highest corrosion resistance is obtained by the addition of Cr.
The addition of Mo is also effective in improv-C r , at% figure ) and Co-based ( right figure ) amorphous alloys as a function of additive metallic elements X in 1 N HC1 solution at 30°C. Horizontal bars indicate the corrosion rate of typical corrosion resistant crystalline alloys. (7) (8) (9) ing the corrosion resistance. In particusivation by the addition of only 8 at% Cr. lar, the addition of Mo less than 5 at% Fig. 5 is an example of the potentiostatic leads to a great decrease in the corrosion polarization curves of Fe-Cr-13P-7C alloys rate than the addition of equivalent amount in 2 N HC1 solution.
These alloys exhibit of Cr.
The addition of W is less effecta wide passive region, not showing a critiive than Cr and Mo.
On the other hand, cal pitting potential even in such a highly the most ineffective element is Fe, Co and aggressive solution. Furthermore, Fig. 6 Ni among the metallic elements added here.
indicates that the simultaneous addition of In these figures, it is clearly seen that C; and Mo is more effective in increasing the corrosion rates of Fe-Cr-B and Co-Cr-B the corrosion resistance of Fe-based amoralloys do not improve below 20 at% Cr.
In Fig. 4 , it can be seen again that the effect of Cr addition on the corrosion rate of Fe-, Co-and Ni-based amorphous alloys are greatly affected by whether the alloy contains P or not.
When P is contained in these alloy systmes, the corrosion rate becomes negligible small above about 8-10 at% Cr.
However, in the case of the alloys containing only B, the reduc ed corrosion rate is obtained only above about 30 at% Cr.
As have been known well, the crystalline ,Fe-based or Ni-based alloys never take Consequently, we can say that the amorphous Fe-, Co-and Ni-based alloys containing certain amounts of Cr and/or Mo with P possess an extremely high corrosion resistance due to the occurence of spontaneous passivation in various neutral and acidic solutions.
In particular, they are practically immune to pitting and crevice corrosions.
However, when a large amount of B or Si is added to the alloy instead of P, these alloys do not show a high corrosion resistance.
ORIGINS OF HIGH CORROSION RESISTANCE OF AMORPHOUS ALLOYS

Protective quality of passive film
According to X-ray photoelectron spectroscopic analyses, it has been known that the protective passive films formed on various Cr-bearing stainless steels consist mainly of a hydrated chromium oxy-hydroxide, CrOx(OH)3-zx.nH~O, and the higher the concentration of Cr in the passive film; the higher is the protective quality of the passive f ilm(l2). Table 1 shows the comparison of the Cr concentration in the passive film between the Cr-bearing amorphous alloys and the ferritic stainless steels in 1 N HC1.
For the Fe-and Co-based amorphous alloys, more than 90% of cations in the passive films is Cr. For two stainless steels which do not passivate spontaneously, on the other hand, the maximum Cr concentration of the passive films formed on these steels by anodic polarization are only 75and 58% respectively. Table 1 Cr enrichment in passive film formed in 1N HC1 (5) For this purpose, the change in current density was measured after mechanically abrading the alloy surface in a solution during anodic polarization at a constant potential. Fig. 7 shows the current decay curves mea- ( 8 ) sured immediately after mechanical abrasion lution at the initial stage, followed by at 400 mV in 1 M H2S04 solution.
The time the quickest formation of the passive film, zero corresponds to the activity or dissolu-as compared with the other alloys without tion rate of the bare alloys without a sur-P.
This fact agrees well with the results face film.
In comparison with 18-8 stainof the effect of metalloid elements on the less steel, the amorphous Fc-1OCr-13P-7C corrosion rate. According to X-ray photoalloy shows a very high initial density and electron spectroscopic analyses, the B in the current density decreases rapidly with the alloy forms a chromium-borate in the time.
Such a rapid decay of the current passive film and the concentration of hydensity means a rapid formation of the prodrated chromium oxy-hydroxide does not tective passive film on the surface of become sufficiently high value to passivate. alloy.
Also, the addition of Si to the alloy forms As a result, we can say that the high a chromium-silicate and hence the protectactivity of the amorphous alloys leads to ive quality of the passive film is low. a rapid enrichment of chromic ions on the Consequently, the most beneficial metsurface, and then results in a rapid formaalloid elements against the corrosion retion of the passive film containing a high sistance is P ; that is, P included in large Cr concentration.
amounts in the amorphous alloys accelerates
As mentioned before. the metalloid ele-the active dissolution prior to the passive ments in amorphous alloys greatly affect film formation. This results in the rapid against their corrosion resistance.
In enrichment of passivating species such as order to clarify such different effects of chromic ions in the alloy/solution intermetalloid elements on the corrosion rate, face and in the rapid formation of passive the same test was carried out during anodic film. For this reason, the passive film polarization at 0 and 0.2 V in H2SO4 soluformed on the alloy consists exclusively of tion. In Fin. 8. the P-bearing amor~hous hydrated chromium oxy-hydroxide. alloy exhibits again the most active disso-
Uniformity of passive film
An attempt was made to compare the corrosion resistance of arnorphous and crystalline alloys with the same sample. Fig.  9 shows the change in anodic polarization curves of the Fe-1OCr-13P-7C alloy as a function of annealing time at 703 K.
The alloys annealed below 30 min remain in the amorphous state and show clearly spontaneous passivation.
Ilowever, once a crystallization occurs in the amorphous matrix, the current density suddenly rises and the corrosion potential shifts toward the active region, as seen in polarization curves of the alloys annealed for longer times above about 70 min.
Also, the homogeneity of surface film formed by polarization was examined by using a platinum decoration method.
Photo. 1 shows the comparison of
P O T E N T I A L / V I S C E )
the number of defects on both surfaces of amorphous and crystallizcd alloys, which Fie. 9
Polarization curves of Fe-1OCr--were detected by a platinum decoration. Thc surface of the crystallized alloy con-13F-7C amorphous alloy as a function of annealing timc at 703 K.
tains a high density of defects in comparip t 2 E C G R A T I O~, OF Fe-,C)Cr-r3P-7C ALLOY son with the amorphous surface. Another evidence was demonstrated by ~evine(l4). He showed the result that the microcracks induced by heavy cold-rolling play as the initiation sites of pitting corrosion.
From these evidences, we can say that no pitting corrosion of amorphous alloys is responsible mainly to the homogeneous formation of the passive film produced due to the homogeneous single phase nature of
AMORPHOUS ALLOY
HEAT-TREATED amorphous structure. One way is to utilize their high corrosion resistance.
Onc of interesting possible applications will be the filter materials for purification of waste fluids. An example is the application for magnetic separation.
Because, the Fe-based amorphous ribbons containing Cr and P are much superior to the ferritic stainless steels which are presently used as a particlecollecting materials for magnetic separation Photo. 1 Photographs showing thc number of defects on the surfaces 01 amorphous (left) and crystallized (right) alloys by a platinum decoration technique.
That is, the amorphous alloys possess several merits such as high strength and high magnetic induction in addition to their high corrsion resistance. Also, the ribbon shape is advantageous for magnetic separation, because of the large field gradient near the edge and small holes on ribbon surfaces.
Preliminary data showed that magnetite particles were collected almost perfectly and even paramagnetic particles
In the near future, we can strongly expect of ferric hydroxide were,collected by 95% that this research field will be expanded with the rate of about 3 times compared to chemical physics of amorphous surface, with ordinary techniques (l5). espetially, to chemical activity such as Another way is to utilize their highly catatytic natures. active nature of the amorphous surface.
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